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agent for laboratory use.
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INTRO DUCT ION

Oxygen radicals (0 , 011.) are known to be produced by radia-
tions of every sort. T~e reactivity of these radicals provide bio-
logical hazards and have been studied extensively by radiat i on
biolog ists and radiation chemists. Recently, a new dimension to
the toxicity of oxygen has become appreciated and is receiving a
great deal of attention from biochcmi sts. Biolog ical reduction
of oxygen u s u a l l y  involves the transfer of electron pairs . However ,
owing to the paramagnetic nature of the oxygen biradical (0,) univalent
pathways of oxygen reduction are favored over those involviiig e lec t ron
pairs so that the products of univalent reduction are also produced
(1). Only one of the products of univalent reduction was thought
to be a consequent biolog ical hazard ; historically, 11 ,02 

was
always cons idered the cu lpr it in underm in i ng biological integrity.
This view was not illogical , since the ‘~ther two products (0~ and
011 ) have extremely brief existence in aqueous env i ronment. Also ,
extremely active enzymes , catalases and peroxidases , were known to
rapidly remove H,O, from biological systems and their presence in
aerobic tissues ~e~e through to serve as the sole agents for pro-
tection against the reduced product of b iolog ical oxidation. However ,
the realization that many oxidases of the cell arc capable of gener-
ating superoxide radicals (O~), together with an appreciation of thevas t l y greater reactivity of oxygen free radicals , led to the discovery
of additional enzymes which serve as principles of detoxification .
We now know , primarily because of the work of Fr idov ic h and his
col leagues (2), that all aerobic cells produce superoxide dismutases
which catalyze the reaction 0+0~+2H~-’+1 °2~~ 

and that these serve
as essential adjuncts to aero~ ic surviAl (3~ .

This report presents results of experiments employing Salmonella
typhimurium to show that the sensitivity of superoxide disniutase deficient
cel ls  to 0., is at least partly explained by “endogenous” mutagenes is
and DNA dañ~age. The exposure to oxygen of oxidat ivelv-active cells
which are deficient in superoxide dismutase mimics the action of
ultraviolet i rradiation ; delet ions , framesh ift and point mutations
are produced. Application of this principle in a general mutagenic
procedure shows that , under appropriate conditions atmospheric oxygen
(air) can be used as a “clean ” mut agen ic agent . 
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MATERIALS AND METHODS

Bacterial strains. Bacteria and phages used in this study are
listed in Table I. All bacterial strains arc derivatives of
Salmonella typhimurium LT2.

Tabl e I. Bacterial strains and phages

Strain or
genetic
marker Characteristic Source

LT-2 Wild type. Standard strain
carried in t h i s
lab since 1964 .

leu500 sing le site , propoter-operator P. Margolin
muta t ion  in icu operon .

leuD700 a delet ion of the leuD gene . P. Margolin

proAB a deletion of the proAB genes . P. Margolin (orin.
M. Demerces)

DW292 Contains a lesion in recA gene N . Kred ich
(increased degradation of damaged
DNA) .

leuSOO suX suX is a locus between cys ii ~~~ 
P. Margo li n

wh ich can be deleted to restore
prototrophy to leuSOO-bearing
strain.

leuA4O9 An amber mu tation in the l euA gene. P. Margolin (classi-
fied in this lab)

hisG4ô hisG46 (base pair substitution) B. Ames

TA100 hisC4ô (base bair suhstitution) B. Ames
r f a , Au vr B # R (contains resis-
taucc transfer factor).

TA98 h i sD3OS2 (frameshif t), rfa , tu rv B ,R. 13. Ames

TA1537 h isC3O7ô (frameshift), rfa, AuvrIl .

TAIS3S hisG46, rfa , ~uvrB . B. Ames

Coli phage 1-7 D. h a il

. .4
~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ - - ~
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Growth Conditions.

Cel l s  were grown anaerobica l ly  in Davis -Mingio l i  medium ( 4 ) ,
modified by omitting the citrate and reducing the concentration
of glucose to 0.075%. Overnight nutrient broth (Difco) culture
were used as a 0.5 % inocu lum for appropr i a t e ly  supplemented minima l
medium which had been previously heated in a b o i l i n g  water  bath to
expel l  dissolv ed oxy gen and then rap idly cooled in an ice bath.
The cultures were p l aced in a Torbal , Model AJ-2 anaerobic jar
containing an atmosphere of 95% N2, 5% CO and inc uba ted overn ight
at 37°. Cells were grown aerobically in ~he sane medium at 37” in
a New Brunswick Gyrotory shaker.

Exposure to hyperbaric 0.~~

A stainless steel pressure vessel equipped with a pressure
gauge and bleeding valve was used . Ten atmospheres of purified
0., was applied to the vessel following a five minute purge of
tfie vessel with 0 . Cells to be exposed to °2 were u sua l l y
placed in standard 100mm disposable plastic petri dishes.

Amp icillin selection.

Cultures were enriched for auxotrophic nutants by amp icil lin
selecti on. Cells in minimal medium supplemented according to the
requirement of the parent strain were grown aerobically in a 37°
water bath. The increase in optical density was monitored at 42Onm
and when in the mid exponential growth phase twenty ug/ml of ampi-
cillin was added . The optical density of the culture was monitored
until it dropped to 50% of the initial value at which time the cells
were centrifuged and washed with fresh medium . The surviving popu-
la tion was either scored for mutants by plating on appropriate
medium or if the cells were to be recycled through another ampicillin
selection procedure , they were grown overnight in appropriat e medium
and then carried through the above described procedure.

Supcroxide dismutase assay.

Su1icroxi dc dislnutase was measured accord ing  to the procedure
of Gregory and l ridovich (5). Protein  was measured by t h e  m et h od
of Lowry , ct a l .  (6) .

4 
-~~~~~~~~~__ _ _ _ _ _ _ _ _ _ _ _
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RESU ITS

Superoxide dismutase in Aneraobica lly- and aerobical ly-grown cel ls.

Preliminary experiments were performed to determinc whether or
not the levels of superoxide dismutase could be contro llcd by the
conditions of growth of Salmonella typhimuriu m . The 1evels of super-
oxide di smutase was measured in crud e extracts prepared from
anaerobically- and aerobically-grown cells. The enzyme assay is
based upon the ability of superox ide dismutase to prevent the reduc-
tion of cytochrome C by superoxide radicals generated during the
ox idation of xanth ine by xanthine oxidase (5). Table 1 shows the
results of this analysis on two strains of S. typh imurium as well a
on Escherichia coli B. This latter organisi~ was included as a con-
trol because of a previous report that superoxide dismutase is oxygen-
induced in this organism.

Table 2

Superoxide D ismutase in Aerob ic a l l y  and
Anaerobically-Grown S. typhimurium

Superoxide dismutase spec i f i c  A c t i v i t y
(uni t s/mg protein)

Anaerobic Aerobic

LT2 6.7 12.0

leuSOO 5.0 ll.0 (30)*

E. coli B 2.5 8.7

*Specific activity of SOD following exposure of cells to 10 atm .
of 0

2 
for 1.5 hours.

The results show that anaerobically-grown cells contain less
superoxidc dismutase than acrobica hly-growii cel l s. According to
these results anaerobic ally—g rown cells should  display a greater
oxygen toxicity than aerobically-grown cells.
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Surviva l  of a n a e r o b i c a l l y -  and aerobica l ly-grown ce l l s  to hyperba r i c  02~
S. t y p h i m u r i u m  LT2 was grown anae rob ica l ly  and ae rob ica l ly  in

m i n i m a l medium . Puromyc in ( SO Ou g/ m l)  was added to a port i on ef each
c u l t u r e  immed ia t e ly  upon remova l from the i r  respective growt h env i ron-
ment , each puromycin-cultu re  mix tu re  was made 0 .5% w i t h  respect to
gl uc ose and placed in a hyperbaric chamber as described in Materials
and Methods. Samples of each mixture were removed at various time
intervals and the number of viable cells determined by colony counts
on nutrient agar plates. Figure one shows the relative survival of
the two populations of cells. It is clear  from these resul t s  that ,
in the  absence of prote in  synthes is , ce l l s  wi th  the hi gher level
of superoxide dismutase are more resistant to hyperbaric oxygen .

1 OO~ — Q —
N a e r o b i a c l ly  grown

75. N
N 0

survival  anaerobica l ly-grown
SO.

\
25. \

I I

0 1 2 3 4 5 6
hours

Figure 1. Survival of anaerobically- and aerobically-grown S.
!Iphimurium. Cells were in minima l medium supplemented with 0.5%
glucose and SOOpg/ml puromycin . Ten atmospheres of 0 was applied
at 37°. Samples were removed at the intervals shown ~nd plat ed on
nutrient agar for colony counts.

:7 7*~~ ~~ :

~~~~~~~ 
‘
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The n a t u r e  of t h e  oxygen-induced damage in supcroxid c dismutase-
deficient cells.

The r e s u l t s  presented in Table 2 and l i gu re I su~;gcst that
oxygen t o x i c i t y  in anaerobica l ly -grown c e l l s  is because of low
leve l s  of superoxide d i s m u t a s e  and by i n fe rence , bec ause o f the
failure to remove superoxide radicals. This view is supported
by the  data presented in Table 3 which shows the relative siir-
v i v a l , under va r ious  condi t ions , of a n a e r o b i c a l ly  and a e r o b i c a l l y -
grown cells during exposure to hyperbaric 0,. The results show :
( 1) ae rob ica l ly -g rown  c e l l s  arc res i s tan t  t~ h yperbar ic  oxygen
u nde r a l l  cond i t i on s tes ted , (2) the effect of hyperbaric oxygen
on anaerobically -grown c e l l s i s aug men ted b y g lucose which , b e i n g
an oxidizable carbon source, enhances the production of superoxide
radicals , (3) puromycin , by b lock ing  protein syn thes i s  ( i n c l u d i n g
superoxide d ismutase)  during exposure to hyperbaric  oxygen , enhances
the toxic effect  of oxygen.

Table 3

St ra in  Growth condi t ion Addi t ions  dur ing exposure to 10 at m s .
of c e l l s  pr ior  to 0 2 at 27C for 6 hours .

0., t reatment

none g lucose puromyc in puro my cin +

g l ucose

% Survival

LT2 aerobic  100 100 100 100

anaerobic 70 56 50 .32

The foregoing r e su l t s  strong ly suggest that  the  supcroxide
r a d i c a l  , or a product of superoxide r a d i c a l s , is the toxic agent
respons ib le  for k i l l i n g  anaerob ica l ly -grown c e l l s .  One of the  most
l i k e l y  t a r g e t s  b r  damage i s  the l)NA of the  ccl I . To t e s t  t l i  i s
possibility a derivative of S. typh iinur ium which  hears  a m u t a t i o n
in t h e rccA gene was grown aerobically and anaerol,ic ;ill y and t he
r e l a t  ly e  scns i t  i v i t y  to hyperbaric oxygen tested . The r ecA gene
produces a p r o t e i n  wh ich  is invo lved  in  gener a l genetic recomb in—
at ion  (7). Strains lacking this function are unable to effect post-
rep l icati on repai r of damaged DNA , and more significantly, for the

- — -.- 
.A ‘

~ 

,

~ 

. ~~~~~~~~~~~~~~~~ ,.~.. 
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purposes of the  present a n a l y s i s , e x t e n s i v e l y  degrade t h e i r  DNA
f o l l o w i n g  damage by such agents  as u l t r a v i o l e t  l i ght , x - i r r a d i a t i o n
a n d a l k v l a t i on (8 ,9,10) . If  hyperbar ic  0 causes damage to the  DNA
of anaerobically -grown cells then the rcc~~ strain should be morc
sensitive to this treatmen t than is the wild type strain . Table 4
presents a compilation of the results of several experiments in which
the relative sensitivities of three strains of S. typjiimurium, in-
cluding the recA strain are compared .

Table 4

Relative survival of three strains of S. typhimurium to
hyperbaric oxygen .

exp osure to:

0 0 + puromycinStra in  Growth Condition 2 2

112 ( w i l d  type) anaerobic 56 ( 5)*  32 (5)
aerobic 100 (2) 100 (2 )

Leu SOO anaerobic 37 (13) 21 (13)
aerobic 83 (2)  100 ( 2 )

DW292 (recA ) anaerobic 9 (9) 4 (6 )
aerobic 80 (9) 100 (6)

*(  ) = number of experiments .

The cells were grown and exposed to oxygen as prev i ousl y
described . All cell suspensions contained O.S~, glucose .

The results in  Table  3 demonstrat e the reproducibility of the
rel a tive toxic effect of 0,. Strain l)W292(recA ) is part icul ;’rly
se ns i t  t ye to h t y l R ’r h a r i  c oxygen ;  t h i s  ol servat ion st roiig l y sLi ppor t
t h e  not i on tha t I ~NA I s the primary target t o r  the let ha I e fleet of
U , .

Mu t . i~~’:i t~ u t  zu l i  ~f hyperbaric 0

A number  of tester stra i n s  were used to de te rm ine  wheth er  or
nut t h e  ~~t i t  iv c  damage to DNA wroug h t by hyperbaric oxygen i n  c e l l s

,
~~~~ ~r’ 

~~- 1: ~~~~~~~~~~~~~~~ ~~
. ~~~~~ - t_

~~~, * _
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undergoing o x i d a t iv e  m e t a b o l i s m  in the presence of low leve ls  of
supero x i de  d i s m t i t a s c  is ref lec ted  in an enhanced m u t a t i o n  f requency.
S t r a i n s  s p e c i f i c a l ly  desi gned for de t ec t i on  of de le t i on mu ta t i ons
as w e l l  as s t r a i n s  to detect  point  m u t a t i o n s  were used .

DELETION MUTATIONS. Twn t e s te r  s t r a i n s  were emp loyed to determine
w h e t h e r  or not the  frequency of d e l e t i o n - c o n t a i n i n g  s t r a in s  was
increased upon exposure to hyperbaric oxygen .

The le n t )  - sti Q system ( I I ) .  I s o p r o p y l m a l a t e  isomerase , an enzym e
w h i c h  is s p e c i f i c a l l y i nvo lved  in l euc ine  b i o s y n t h e s i s , i s comp osed
of two d i f f e r e n t  po lypept ide chains , one spec i f i ed  by the  leuc gene
and the other by the leuD gene. Deletion mutations lackin g the leuD
gene can be suppressed by mutation of the suQ gene. Many ~~~ sup-
p iessors of leu D are de le t ions  which  extend in to  the  nei ghbo r ing  j~~reg ion and are recognized as such because of an a t t e n d a n t  p r o l i n e
auxotrophy . The frequency of Leu~ protot rophs following treatment
of the leuD strain as compared with the frequency from untreated
cells is given in the following Table.

Table S

Increased Frequency of ~~~ Mutat ions

9 Types of M u t a t i o n s
Treatment  Muta t ions / lO  ce l l s

Leu4 Pro~ Lcu~ Pro

Contro l 1 .2  100% 0%
Oxygen 6.0 80% 20%
Oxygen 11 puromycin 13.6 90% 10%

Muta t ion  f requency of a n a e r o b i c a l l y  grown c e l l s  was compared
before and a f t e r  t reatment  w i t h  10 a t m .  02 for 4 hours. The Pro
c o l o n i e s  were scored by rep l ica  p l a t i n g  from m i n i m a l - p r o l i n e  p l a t e s
to minima l plat es. The tester system described above strongly
suggests t h a t  h y p e r b a r i c  oxygen increases un i t a t  ion f requency and
that del ct ion inutat ioiis represent a si gil I ficaut por t  oii of the
inut au t popu I a t  ion

le u SOU stiX _ syst ein ( 1 2 ) .  The auxotrophy imparted by t h e  leuSOU
I CS l O l l  I S  Sli t ress it ) Ic by n n i t a t  i o n s  i n  t h e  St i X  l o c u s .  ‘ h u e  s t i X
locus i s f l a n k e d  by t he  cysn and t rj ~ h oc i . Many siu X n i l i t a  t I ons
are d e l e t i o n s  w h i c h  extend into the  cy sl3 r egion , or the
reg ion or both the ~~~~ and t r p  regions; these types of deletions
r e su l t  in  I cue inc  protot rophy and cystc I ne , t ryptophan or cyst cinC-
t ry p t  ophan auxot roph y .  ‘Ill C follow i ng Tabi e presents the resul t s
of an exper iment which is similar to the one described above.

c - 
~~~~~~~ ~~~~~. 1 ’ - -~~~‘ - ~~. -
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Table 6

Increased Frequency of suX Mutations

Treatment  Muta t ions !  1O 7 
cells Types of Miitat ions

E.�~. ~~ 
cys -~~ t r p -  prototrop hs

Contro l 9.9 1.6% 1. 4% 1.6% 95.4%
Oxygen 14 0.68% 5.14 % 0 .68 % 93%
Oxygen ~

puromyc in 37 1 . 1%  1 . 1 %  1 .4 % 95%

These r e su l t s  show that  in sp it e o f a h i gh f requency of spon-
taneous suX mutation hyperbaric oxygen enhances this frequency.

These resu l t s  w i t h  the leuD ~~~~~~ and leuSOO-s uX system raise
the p o s s i b i l i t y  tha t  the increase in muta t ion  frequency is but an
apparent one with the pertinent mutations being selected by the hyper-
baric oxygen rather than being caused by it. The method of compu-
tation of the relat ive mutation frequencies does not rule this out
since these are based upon the number of su rv iv ing  organisms r a the r
than upon the input number of c e l l s .  In order to rule  out s e l ec t i on
as the cause of the increased mutation frequency the relative sur-
vival of a well characterized sux strain was compared with that of
leuSOO . The results of this experiment are given in the following
Table.

Tab le 7

Comparative survival of LeuSOO and LeuSOO
suX strains to hyperbaric °2~

% survival

Exposed to : leuSOO le uSOO suX

4 8 31

+ purolnyc in 43 44

Cells were grown and exposed to for -I
hirs as prev iously described .

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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SINGLE SITE MIJTATIONS. The foregoing tester stra ins conclus ively
illustrate that hyperbaric oxygen causes multisit e (deletion ) mu-
tations. The question remains as to whether or not single site
mutations are also caused by hyperbaric oxygen .

In order to test this possibility strains developed by Ames
and his coworkers were used (13). The experimental procedure was
similar to that employed above. The various tester strains were
grown anaerobically, and then exposed to 10 atm. O ., for 4 hours
in the presence and in  the absence of puromycin .

Table 8

Reversion to Ilistidine Prototrophy of IIis Tester Strains

7Strain Mutations/lO cells

Control +0~ +9~ 
+ pur omycin

TA 1537 7.9 95 410
TA 98 1.6 73 88
TA 100 77 640 390
TA 1535 21 79 230

Mutat ion frequency is computed as the number of
h istidine prototroph s per total colony forming unit .
All  suspensions contained 0. 5 % g lucose.

S t ra ins  TA 1537 and TA 98 are indicators of frameshift muta-
geneSis and s t r a ins  TA 100 and TA 1535 each contain the same base
pai r s u b s t i t u t i o n  in the h isG gene. The foregoing resul ts  suggest
that  hyperbaric oxygen causes both f r a m c s h i f t  muta t ions  as w e l l  as
base pai r  substi tut ions .

Oxygen as a “clean ” mutagenic ~~~nt for laboratory applications.

Many of the rnutag cns ( v i z .  ethy l inethane sufonate , ii i t rosoquanid inc)
used ill m ic rob i o logy  laborator ies , a l so  arc powerfu l carc i nogens and
the re fo re  are e x t r e m e l y  hazardous . The fo rego i ng r e s u l t s  suggest
tha t  in those organisms wher e the levels of superoxid e d i s m u t a s e
can be al tered by growth condi tions that exposure to oxygen , in the
absence of Pr o t e i n  syn thes i s , leads to enhanced mut zi t ion frequenc ics .
In order to make the ap p l i c a t l o n  of t h i s  p r i m e  i p t e  as simp l e  as
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possible preliminary tests were performed to estimate the survival
of anaerobical ly-grown cells , treated as described for the hyper-
baric experiments described above, but exposed to air by shaking in
a s tandard gyrotory water bath at 37°. These experiment s yielded
surprising results. It was found that the survival patterns of
anaerobica lly- and aerobically-grown cells when exposed to atmos-
pheric 0,, (air) mimiced the patterns in the hyperbaric experiments ,
i.e., hyj~erbaric 0,, is not required to demonstrate the toxic effect
of 0,,. In order t~ show that the toxic effect of atmospheric 02 wasqualitativel y the same as the effect of hyperbaric 02 the relativesurvival of anaerobically-grown wild type S. typhimurium was com-
pared wi th the recA stra in: Each strain was grown anaerob ically
and then incubated at 37° with shaking in the presenc e of the
standard concentration of puromycin and glucose. The survival 

-after 4 hours exposure was 32% for wild type and 13% for the recA
strain.

The feasability of oxygen mutagenesis was tested by randomly
selecting amino acid auxotrophs from populations of cells which
were grown anaerobically and aerobically. Anaerobically-grown cells
were incubated with and without puromycin at 37° in a gyrotory water
bath for four hrs., washed with saline and then grown overnight in
nutrient broth to allow expression of mutants. These cells were
washed with saline , placed into minimal medium and carried through
on amp i c i l l i n  enrichment step (amp i c i l l i n  k i l l s  d i v i d i n g  cells ,
therefore  mutants  unable to grow in minimal medium will survive) .
these cells were then washed , resuspend ed in nutrient broth antI grown
overnight , after which a second ampicillin enrichment procedure was
performed . The cells were washed and again grown overni ght in
nutrient broth. The cells from this culture were diluted and pl ated
for s i ng l e  colonies  on nutr ient  agar . This  entire procedure was a lso
conducted w i t h  c e l l s  which were grown aerobica l ly  and incubated wi th
puromycin in p a r a l l e l  w i t h  the anaerobically-grown cells. The single
colon i es which  appeared on the nutrient agar plates were replica-
plated onto minima l medium and the frequency of auxotrophs recorded .
Those colonies which did not grow o minima l medium were purified
and classified accord i ng to auxotrophic requirement. Table 9 shows
the frequency of auxotrophs in the three samples . Table 10 shows
the array of auxotroph ic requirements among the mutant strains.

These results show that anaerobicall y-grown cells yield a wide
a s s o r t m e n t  of mutants f o l l o w i n g  exposurc to oxygen in the absence of
pro te in  syn thes i s .  The types of mu ta t i ons  appear to be varied and
th e  numbers i n  each category cannot  be exp l a in ed  s o l e l y  on the  I~as i s
of clona l  a m p l i f i c a t i o n  d u r i n g  growth in the  n u t r i e n t  broth p r io r  to
p l a t i n g . This last  content ion is borne out by the  observation that
whereas  some members of a class arc able to revert to prototrophy
others are not .

- . , ~~~~~~~
—
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The resu l t s  presented in  Table 10 reveal another si g n i f i c a n t
feature  as regards oxygen mutagenesis , namely ,  that  no double mu tan t s
were found . This observation indicates that oxygen mutagenes is  poten-
tia lly is a valuable lahoratory tool , circumventing a major problem
encountered w i t h  many mutagens , namely,  m u l t i p le  m u t a t i o n s .

The lack of oxygen-induced mutagenesis in a recA s t r a in .

S t r a in s  of bacteria  which lack the  recA func t ions  a l thoug h extra-
ord inar i ly  sens iti ve to agents which da mage DNA , do not y ield mutant
s t ra ins  when exposed to po ten t i a l ly  mutagenic agents  such as u lt r ;--
v io le t  l i ght (14) . In order to ve r i fy  the i n t e rp re t a t i on  of the
re su l t s  presented in  t h i s  report , and to demonstra te  that  oxygen in-
duced mut ag enes is involves d irec t damage to DNA , the genera l niuta-
genesis procedure described above was repeated wi th  s t ra in  Dl~292
(recA ) .  No mutants  were found .

DISCUSS ION

The foregoing resu l t s  show that the le tha l  effect  of oxygen on
c e l l s  which conta in  low levels of superoxide dismutase is at least
p a r t i a l l y  explained in terms of damaged DNA . This does not mean ,
however , that  the damage which apparentl y is induced by oxygen free
rad ica l s  i s  exc lus ive ly  directed toward the DNA of the  c e l l ,  Another
cand idate for damage would be the cell membrane in as much as free
rad ica ls  would be expected to react wi th  unsa tura t ed f a t t y  ac id s .
Al thoug h th is  point was not addressed direct l y in t h i s  project , pre-
l iminary results in the form of electron micrographs suggest that
membrane damage could be occurring . Micrograp hs of oxygen-exposed
c el l s  show a l a rge  number aberrant forms wi th  predominating folded ,
cigar-shaped bodies.

The data included in th is  report do not permit i d e n t i f i c a t i o n
of the ac t i ve  mutagenic  pr imicple , however , if the act ive  agent is
not the superoxide radical it most cer ta in ly  is der ived from i t .
For example , the hydroxyl  radical (O Lt ) could be involved in the
observed mutag cn c s i s ;  t h i s  e x t r a o r d i n a r i l y  r c a c t i v e  ox idan t  would
be formed by a react  i on i)r01)ose l by Ilab er and W eiss  ì n I 934

+ Il2 0
~ Oil -• OIl + 0

2
) . Regard less of the  pi~’c I so n a t u r e  O L ~

the  mu t a g~n i c  agent i t  appears c l e a r  t ha t  superox ide d i sm u t u s e
protects cells from the toxic effect of oxygen and in doing so
prevents  damage to l)NA .

-
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The p r imary  goa l of t h i s  researc h was to de te rmine  whether  or
not the toxic  e f fec t  of oxygen in superoxide d i smutase -def ic ien t  ce l l s
would be expressed in an enhanced mutat ion frequency , and if so , to
d e f i n e  the types of muta t ions .  I~mploy ing  appropr ia te  tester s t ra ins
of S. ~~‘phi mur ium i t  was shown that  the  frequency of delet ions , frame-
s h i f t , and base subs t i tu t ions  is enhanced by exposing ox ida t ive ly
ac t ive , superoxide dismutase-deficient cells to oxygen in the absence
of prote in  syn thes i s .  It  appears , therefore , tha t  the spectrum of
muta t ions , under these condit ions , mimics the effect  of u l t r av io l e t
and hi gher energy i r radiat ion .

The resu l t s  of the experiments which were desi gned to show the
general mutagenic effect  of oxygen revealed no b ias  w i t h  respect to
suscept ib le  reg ions of the chromosome. Al though  i t  appears from the
data presented in Table 10 that a bias  does exist  for Leu mu tan t s ,
t h i s  is explained by the amp i c i l l i n  select ion proc edure . The rela-
t i v e l y  abundant amino acid in the protein of S. typh i m u r i u m  is L-
leucine . The su rv iva l  of the various auxotrophs dur ing  the a m p i c i l l i n
enrichment procedure depends upon the  i n a b i l i t y  of these to grow ; only
ac t ive ly  d iv id ing  c e l l s  are ki l led by amp i c i l l i n .  Owing to the hi gh
requirement which c e l l s  have for L- leuc ine  th i s  amino acid w i l l  be
removed most e f f i c i e n t l y  from the endogenous carryover nu t r i en t s ;  i .e . ,
the period of growth fo l lowing  the  transfer of ce l l s  from n u t r i e n t
broth to m i n i m a l  med i um and preceding the addi t ion of amp i c i l l i n  w i l l
permit most e f f i c i en t  removal of L- l euc ine and consequent enhanced
survival  of leucine auxotrophs.

An addi t ional  revelation is that the genera l mutagenesis resulted
in the apparent lack of double or mu l t i p l e  mutat ions  among the  organ-
isms su rv iv ing  exposure to oxygen . Althoug h th is  observation may
ref lec t  the re la t ive ly  gentle na ture  of “endogenous ” mutagenes is , it
may also ref lec t  some undefined property of t h i s  mutagenic process.

In summary, th i s  research serves to describe the r o le  played by
the reduced products of oxygen in “endogenous ” mutagenes is  and
a f f i r m s the role of ox ida t ive  metabolism in augment ing  the sub t le
back ground which serves , in part , as the ac t ive  agent for promoting
so-ca l led  spontaneous mutants  and demonstrates  the  ro le  of superoxide
dismutase  in dampening the frequency of these m u t a t i o n s .

The work described in th i s  is present ly  be ing  prepared for
publicat ion and w i l l  1)0 submi t t ed  to the Journa l of Bacter io logy;
repr in ts  w i l l  be submit ted when ava i l ab le .

- .
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